The generation of acidic waters and the release of dissolved metals from inactive sulphide mine-tailings disposal is a well-known environmental problem. The flux of oxygen across the surface of the tailings was determined under different physically-controlled environmental conditions and related to the oxidation rate of pyrrhotite mine-tailings. This work was conducted to verify, i) the consistency in oxygen flux rate measurements in the field within small areas and, ii) the importance of moist layers near the ground surface in the control of the oxygen flux. The flux of oxygen across the surface is related to a relative oxidation rate of the tailings, and it can be concluded from the study that differences in the degree of saturation as a result of fine-grain layers, hardpan formation or a general high water table can control the overall rate of oxygen flux into tailings and reduce the relative rate of tailings oxidation by more than three orders of magnitudes. The oxygen flux method used in the study is shown to be a useful field mapping tool for distribution of relative oxidation rates in field settings.
Introduction
Mine-tailings comprise the finely ground (50 t o 100 pm) waste that remains after mineral extraction from ores. Management of this waste material has traditionally involved deposition of slurried tailings into impoundments. Numerous reports have addressed the problems of water quality associated with exposed, unsaturated tailings deposits (Boorman and Watson 1976; Reardon and Poscente 1984 A number of remediation covers have been proposed for sulphide tailings which are designed to reduce the potential for acid production through the use of oxygen barriers, such as wood waste, peat moss and fine-grain material Poscente 1984 and Nicholson et al. 1989) or to reduce the water flow through the tailings (Herbert 1992) . Now testing and monitoring in the field of the effectiveness of these remediation covers is important.
Pyrite and pyrrhotite are the most important sulphides in most mine-tailings, however, the study area used in this investigation contains dominantly pyrrhotite. The complete overall oxidation reaction of pyrrhotite can be written as follows Both diffusive and advective transport processes in both the gas and solution phases may contribute to oxygen movement through the tailings. Oxygen can enter the tailings, i) by barometric pumping, ii) with infiltration water containing dissolved ozygen, iii) by wind action and iv) by volume displacement during infiltration in addition to diffusion in the gas phase.
The effect of atmospheric pumping is essentially related to the thickness of the unsaturated zone and the change in the barometric pressure, and can be described by the following equation (Massmann and Farrier 1992) in which Zo is the depth to the saturated zone, AZ the depth of penetration, Po the initial pressure and AP the magnitude of barometric pressure, fluctuations. For Zo equal to 50 cm and AP equal to 0.03 x Po the depth of penetration is only 1.5 cm. Changes in barometric pressure of more than 3 % per day are not likely and therefore, it can be concluded that in this case atmospheric pumping is an insignificant process regarding oxygen movement in tailings. However, barometric pumping may be important in the shallow subsurface in tailings with much deeper water table conditions.
The effect of advection of oxygen in the water phase has been discussed by Pantelis and Ritchie (1991) and Refsgaard et al. (1991) . Here, the flux of oxygen as a result of advection was described as Fa = CQ, where C is the concentration of oxygen in water, approximately 0.3 mol/m3, and Q is the rate of infiltration which in the present study area is below 0.3 m per year (David 1993) . Thus, the total flux 2 due to infiltrating water is less than 0.1 moVm per year. This value is of the same order as those diffusion fluxes through nearly saturated layers. An additional nonFickian gas transport mechanism is multicomponent gas diffusion where, for example, upwards movement of C 0 2 produced at depth from carbonate dissolution can induce an oxygen gradient that is not related to oxygen consumption in the tailings (Thorstenson and Pollock 1989) . Unfortunately, these effects can not yet be evaluated but are assumed to be negligible for this study. As a result, only Fickian diffusion of oxygen is taken into account in the present study. The diffusion in the water phase is less important than the advection terms, however, the diffusion in the water is considered as the lower limit of the effective diffusion coefficient as the degree of saturation approaches 100 %. The assumption that the dominant method of atmospheric oxygen transport from the surface of tailings to the depth where the oxidation takes place is a result of diffusion through the partially gas-filled pores in the tailings is consistent with results from Jaynes et al. (1984) ; Nicholson et al. (1989) , and Pantelis and Ritchie (1992) .
One-dimensional diffusion of oxygen in either gas or water phases can be approximated by Fick's First Law where FO2 is the mass flux of oxygen (mass per unit area per unit time), dCldz is the concentration gradient and Deff is the effective diffusion coefficient, which for 5 2 air is 1 . 8~1 0 -m Is and for water 2 . 2~1 0 -~~ m2/s. For the diffusion in the water phase the low solubility of oxygen in water, described by Henry's Law constant, is taken into account.
As pyrrhotite oxidation proceeds, atmospheric oxygen is consumed, and the change in concentration with depth is referred to as the oxygen concentration gradient. This gradient is the driving force for the diffusive transport of oxygen through the tailings.
The effective diffusion coefficient is a function of the diffusion coefficient for oxygen in air and a factor that depends on the percentage of gas-filled pores (related to the volumetric moisture content) and the tortuosity (Troeh et al. 1982 and Collin and Rasmuson 1988) . The effective diffusion coefficient is calculated here as a function of the diffusion in both air and water, assuming a parallel phase distribution in the tailings resulting in the diffusion coefficients in water and air being additive in a similar manner to that proposed by Collin and Rasmuson (1988) .
The following equation is used to determine Deff (modified from David 1993) with data from Reardon and Moddle (1985) where D , ' is the coefficient of free diffusion for oxygen in air, D, ' is the diffusion coefficient of oxygen in water, S is the degree of saturation, H is the unitless modified Henry's Law constant defined as the concentration of oxygen in the water phase divided by the concentration of oxygen in the gas phase at equilibrium and t and a are fitting parameters from non-linear regression analysis equal to 0.273 _+ 0.08 and 3.28 + 0.4 respectively, for a sample of tailings based on data from The relationship between the effective diffusion coefficient for oxygen and the water saturation calculated using Eq. (3), data presented in Reardon and Moddle (1985) and data from tailings from Sudbury. Readon and Moddle (1985) . A laboratory experiment similar to the one described by Reardon and Moddle (1985) was made with tailings from the study area. The result for four different degrees of saturation were consistently within the 95 % confidence interval of the data from Reardon and Moddle (1985) . The relationship is shown graphically in Fig. 1 . The flux of oxygen across the surface can be calculated from Fick's law and equated to the amount of oxygen which is consumed in the whole profile under steady state conditions. The flux of oxygen is related to the rate of sulphide mineral oxidation by conservation of mass and stoichiometric conversions.
The correlation of oxygen flux estimates and the oxidation rate was compared to the rate of oxidation based on the masses of dissolved products of pyrrhotite oxidation (iron and sulphate) and the residence time of the infiltration (David 1993) .
This paper focuses on reduction in oxygen availability under different physicallycontrolled conditions, illustrated by 36 profiles measured in existing tailings. Variables include grain size, hardpan formation and depth to water table, all representing different controls on the degree of saturation above the water table. Although measurements of oxygen concentrations in tailings pore gas have been made previously (e.g. Dubrovsky i t al. 1984 and Blowes et al. 1990) , oxidation rates have not been estimated directly from these data. We believe this is the first attempt to verify the consistency in relative oxygen flux measurements in minetailings demonstrating the importance of water content in the overall control of oxidation rates. In the study presented here, the effectiveness of existing fine-grain layers and hardpan formations as oxygen diffusion barriers is also addressed. 
Site Description
The study site is situated at Falconbridge Limited's East Mine property located northwest of the town of Falconbridge, Ontario, Canada (Fig. 2) . The area was originally a low-lying swamp with surrounding bedrock. Mine-tailings from nickel ore were deposited at the site from 1978 to 1985 and low-sulphur fine-grain tailings from 1985 to 1987. The groundwater at the impoundment is characteristic of a moderately oxidizing, well-buffered, sulphide tailings environment. Under the existing well-buffered pH conditions, abiotic oxidation of sulphide is the dominant reaction. All areas studied contained tailings composed of 25-35 % pyrrhotite by weight. The principal gangue minerals are silicates, including quartz, muscovite, feldspars and pyroxene (David 1993) . The tailings are fine sand to silt size.
Methods of Investigation
In early October 1992, vadose zone gas samplings were conducted adjacent to 36 sites at 10 cm depth increments. Small-diameter stainless steel tubes (3 mm in diameter) fitted with machined brass tips were driven into the tailings, and after reaching the desired depths, the tubes were raised a few millimetres and gas samples were collected. The surface around the tube was sealed with a small amount of wet clay to prevent contamination by atmospheric oxygen along the outside of the access tube. Samples from known depths were withdrawn using 20 rnl plastic syringes, and the tube volume was withdrawn and expelled twice prior to sampling to ensure that representative samples of the subsurface gas were obtained. The O2 concentrations in the pore-gas were measured by connecting the stainless steel tubes directly to a GC-502 oxygen monitor. The gas was slowly pumped over a electrochemical gas sensor, which provided a direct reading in % of 02.
Hand dug trenches were completed through the vadose zone in two areas to collect tailings samples for moisture content and grain size with depth. One area contained fine grain layering close to the surface and the other area consisted of relatively homogeneous medium sand-sized tailings. The pedological profile at each of the trench sites was evaluated in the field for changes in lithology, colour and hardpan formation, followed by a microscopic examination in the laboratory.
Stainless steel rings of known volume were used to collect core samples in the vertical profiles at 5 cm intervals within the tailings. All cores were capped, sealed with parafilm, kept cool and processed within one week. They were weighed to a precision of 0.1 mg and oven-dried at 85OC to determine moisture content and per cent saturation: The Beckman Model 930, Air Comparison Pycnometer was used to determine the particle density.
The rates of oxidation were estimated by Fick's Law with the measured oxygen gradient over the top 20 cm and the harmonic mean of Deff over the same depth. The harmonic mean of Deff is given by where d is the total depth, Di is the effective diffusion coefficient for layer i and di is the thickness of layer i.
Results and Discussion
The poregas O2 concentration decreased from atmospheric concentration (20.9 %) to less than 5 % within the upper 60 cm of the tailings for all profiles. The calcu-2 lated oxygen flux varied from 1560 mollm per year in a profile without a fine-grain 2 layer to 0.533 mollm per year in the profile with a near-saturated fine-grain layer. An example of the oxygen flux determination is given in Table 1 . The oxygen fluxes in the table were calculated in two ways: 1) over the top 20 cm and, 2) over the layer with maximum saturation. As a result of different ways of calculation the oxygen gradients varied by up to a factor of 2 and the effective diffusion coefficients by a factor of 6, resulting in a change in the oxygen flux by a factor of 3. However, from site to site the oxygen gradients vary within a factor of 10 in contrast to the effective diffusion coefficient which varies by up to 3 orders of magnitude resulting in changes of the oxygen flux by factors of 1000. The result indicate the appropriateness of evaluating the oxygen flux over any thickness over the top 20 cm in order to describe relative variation of oxygen flux values as long as the most wet layer with its full thickness is included. At each site the importance of the layer with the lowest effective diffusion coefficient in the control of the overall flux of oxygen was noted. From site to site the dominating effect of the degree of saturation on the flux of oxygen was evident. In the following the oxygen flux is calculated consistently over the top 20 cm. Ignoring non-Fickian gas transport mechanisms, the oxygen flux can be related to the rate of sulphide oxidation. The chemistry of two sites (described in David 1993) are presented to correlate the distribution of sulphides and pore water chemistry with the oxygen and degree of water saturation measured with depth. Fig. 3 shows the relation between a relatively low calculated oxidation rate and lower concentrations of oxidation products in the pore water with depth close to the surface. In contrast, Fig. 4 represents a site with a higher oxidation rate, higher concentrations of oxidation products and a thick oxidized zone. The chemistry of the solids shows that sulphide minerals occur in both profiles. Although oxygen fluxes and release rates of oxidation products are not equivalent, the rates at the two sites are consistent in relative terms when the ratios of values for the flux and chemical results are compared (Table 2) .
Laboratory experiments have demonstrated the link between oxygen flux through the surface and the rate of oxidation products released in sulphide tailings (Elberling et al. 1993) . Consistency and precis'ion of the oxygen flux used to measure relative oxidation rates were noted.
Assuming that the oxygen flux reflects the relative oxidation rate the sensitivity of the oxidation rates to different remediation designs can be evaluated. Depth to water table and oxidation values close to a tailings pond were plotted in Figs. 5 and 6. The values of the oxidation rates decrease from 300 to less than 0.038 mol/m2 per year over a distance of less than 150 m. It is reasonable to conclude that the change in relative oxidation rates by a factor 1000 is a result of an increase in saturation resulting from increasing water table levels as the pond is approached. This result is in accordance with David's (1993) conclusion that a shallow water cover appears to provide the most favourable environment for a reduction in the overall oxidation rates. Fig. 7 shows values of oxidation rates related to fine-grain layers. The hydraulic principles outlined by Gillham (1984) and Nicholson et al. (1991) show that fine- B) with a thin fine-grain layer, and C) with a thick fine-grain layer. Fig. 8 . Oxidation rates as a function of thickness of fine-grain layer.
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grained materials can remain fully saturated with water at an elevation of up to a few metres above the water table. In Figs. 7b and 7c high saturation levels are noted in the near surface, co~relating with the location of the fine-grain layers and strong oxygen gradients. These layers appear to control the total amount of oxygen that can diffuse into. the tailings and consequently control oxidation rates. The field data suggest that the rate of oxygen flux through the top 20 cm in each profile is sensitive to the thickness and depth to fine-grain layers (Figs. 7, 8 and 9 ). The depth to and the thickness of the existing layers are believed to be a result of deposition and wind erosion at this site. Figs. 8 and 9 indicate the importance of the thickness and depth of the fine-grained layers. The figures include all sites that contain visible fine-grained layers. As the thickness of the fine-grain layer increases, the effect of an oxygen diffusion barrier increases. It is more difficult to explain the decrease in the overall rate of oxidation with increasing depth to the layer. The effectiveness of textured layering of fine over coarse material in reducing oxygen entry to the tailings improves considerably when infiltration exceeds evaporation, a condition that appears to have occurred in October 1992. During dry seasons, the fine-grain layers close to the surface may dry out and crack, causing an increase in the oxygen flux across the surface compared to more coarse layers. Therefore, the importance of the thickness and the depth will change as a function of the season or more generally with climatic changes.
One of the purposes of this work was to evaluate the importance of fine-grain layers in reducing the overall oxidation rate within sulphide tailings. Based on theoretical considerations, differences in oxidation rates of 4 to 6 orders of magnitude were expected as a result of low diffusion through water in saturated layers. The results presented here, however, show no more than 3 orders of magnitude difference. The dependence of Deff on saturation shown in Fig. 1 indicates that less than two orders of magnitude difference in Deff occurs from 0 to 0.7 for saturation whereas almost four orders of magnitude difference in Deff occurs for saturation differences from 0.7 to 1.0. The near surface zone must therefore be almost saturated to observe more than three orders of magnitude change in oxygen fluxes compared to well-drained conditions.
Formation of hardpan by precipitation and cementation of the tailings by secondary minerals (e.g. gypsum and Fe solid phases) has been reported by Boorman and Watson (1976) ; Blowes et al. (1990) and . Sufficient amounts of carbonate minerals are present at the study site to maintain near-neutral pH conditions to date (David 1993) . These conditions enhance the formation of a hardpan due to iron oxyhydroxide precipitation.
Permeability tests indicate that the vertical hydraulic conductivity can decrease as tailings begin to cement together (Blowes 1990 ). This condition may lead to a storage of infiltrating water above the hardpan in periods when infiltration is high. Fig. 10 shows how the saturation significantly increases above hardpan layers to values between 40 and 60 % in sandy layers regardless of the depth of the water table. If the zone of active oxidation has reached that depth, where the saturation increases as a result of the hardpan, the overall oxidation rate will also decrease. The increased moisture content above the hardpan may not extend to the tailings surface. If the increased moisture occurs below the zone of active oxidation, the hardpan may not significantly reduce oxygen fluxes. Both conditions are evident in Fig. 10 , Boorman and Watson (1976) suggest that the hardpan layer may also act as an oxygen gas barrier, limiting the extent of sulphide oxidation in and below the hardpan. Based on data from Reardon and Moddle (1985) , Blowes et al. (1990) estimated the effective oxygen diffusion coefficient of a hardpan layer to be about 8 2 1 . 7~ 10-m IS, which is approximately a factor 100 lower than the average diffusion coefficient estimated for the overlying uncemented tailings at Falconbridge New Tailings in this study. This suggests that the formation of a hardpan layer may be as (A) 425W60N O x i d a t i o n r a t e = 1 7 7 moles/m2 p e r y e a r . important as a fine-grain top layer in the control of the overall oxidation rate when the active oxidation front is close to the hardpan. The field results presented here indicate that hardpan formation is closely related to high oxygen flux rates. Hardpan formation did not occur in profiles with fine-grain layers, probably because slow oxidation does not allow high concentrations to develop in the pore water as a requisite to precipitation of hardpanminerals. In contrast, almost all sites in the homogeneous sandy area contained some degree of hardpan, with indications of higher oxidation rates in the past.
Often, many years of monitoring and data collection are necessary to estimate the rate of acid generation and oxidation product release (Dubrovsky et al. 1984; Blowes et al. 1990 and . The current method of evaluation provides an instan-taneous estimation of the relative oxidation rates assuming steady state conditions of the oxygen profile, that if used over time and space can provide a more general rate description and practical monitoring tool for tailings. Even though this method may not necessarily provide absolute oxidation rates, correlation of these rates over large areas by performing relatively few measurements with other methods that may provide more accurate estimate of oxidation rates is suggested.
One concern with the method presented here is that the samples for measuring saturation may not represent the same scale as the heterogeneities present in the layered tailings. In most cases for this study, the fine-grained layers were thinner than 5 cm leading to a biased underestimation of the degree of saturation and thereby an overestimation of the oxidation rate. As the layer which controls the oxygen entry becomes thinner, it gets more difficult to measure a representative degree of saturation of the controlling layer. This indicates that the overestimates of the oxidation rate increase with decreasing thickness of the wet layers that control oxygen diffusion. The scale of layering or other representative properties in the tailings is important to note before applying this technique.
Oxygen contamination into the tailings along the outside of the sampling tube is an additional concern for the method. The large oxygen gradients that were commonly measured in the top 10 cm indicate that atmospheric contamination in shallow samples can be avoided with careful sampling. However, in some profiles an expected strong gradient across the fine grained layer could not be observed in the top 10 cm. By taking the oxygen gradient over the top 20 cm, the influence of atmospheric contamination on the estimated oxygen flux is reduced compared to measurements in the upper 10 cm zone.
Conclusions
The field measurements used to determine relative oxidation rates in this study consider the flux of oxygen across the tailings surface and the degree of saturation in the near surface. The method is inexpensive, quick and provides an estimate of relative oxidation rates, that is useful for monitoring rehabilitation schemes and for comparing spatial and temporal distribution of relative oxidation rates.
When fine-grain layers are present on the tailings, decreases in oxidation rates by more than a factor of 3000 were observed. In areas where tailings are homogeneous and relatively coarse-grained, the oxidation rates are significantly higher and hardpan layers were common. When the front of active oxidation approaches the hardpan, the overall oxidation rate appears to decrease. Oxidation rates decrease to very low levels as the depth to the water table decreases. It can be concluded that the oxidation rate in general is very sensitive to the degree of saturation of near surface tailings.
